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Abstract 
Background: Elephant grass (Pennisetum purpureum Schumach) and Hybrid Pennisetum (Pennisetum america-
num × P. purpureum Schumach) are tall, fast-growing perennial C4 bunchgrasses that have been in recent developed 
as the most appropriate biomass feedstock in many countries for exploring various biofuel products. However, the 
challenges of increasing plant biomass yield and enhancing their stress tolerance, especially on marginal lands, have 
been existed for a long while. In the past several years, bacterial endophytes used as bio-fertilizers for improving crop 
production have offered an opportunity to facilitate high biomass yield of energy crops in a more sustainable manner.
Results: A total of 16 endophytic bacteria strains were isolated and purified from the roots of elephant grass, which 
were classified into four bacterial genera: Sphingomonas, Pantoea, Bacillus, and Enterobacter. Four strains, pp01, pp02, 
pp04, and pp06, represented four different genera, were then selected and tested in vitro for their plant growth pro-
moting properties, effects on plant growth and salt stress tolerance of Hybrid Pennisetum. The inoculation with these 
four bacterial mixture demonstrated a significant plant growth promotion for Hybrid Pennisetum from the normal to 
salt stress conditions at 0, 50, 100, and 200 mM NaCl, respectively. The highest promotion rate for biomass yield was 
116.01 and 81.72 % for shoot fresh weight and dry weight, respectively. The bacterial strains tested were shown to 
solubilize insoluble phosphate, fix nitrogen, produce indole acetic acid and ammonia, but only strains from Sphingo-
monas, Bacillus, and Enterobacter can produce siderophore. In addition, the endophyte strains tested were all able to 
successfully colonize the roots of Hybrid Pennisetum, reaching upto 12.12 ± 0.98 CFU g−1 fresh roots at the 3rd day of 
inoculation.
Conclusion: The four endophytic bacteria from elephant grass significantly promoted plant growth and biomass 
yield, alleviated the harmful effects of salt stress on Hybrid Pennisetum. These bacteria have indicated some unique 
properties that are very valuable for exploiting bio-inoculants aiding in the efforts to establish a sustainable and large-
scale feedstock production system for Hybrid Pennisetum, particularly, on the saline marginal lands.
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Background
Elephant grass (Pennisetum purpureum Schumach) is 
a tall, fast-growing perennial C4 bunchgrass discov-
ered in 1905 in tropical Africa as a forage crop. Due to 
its high biomass productivity, 40~80 tons of dry biomass 
per hectare per annum, elephant grass was first studied 
as a biomass source for energy in the mid-90s [1–3]. In 
addition, it requires very little supplementary nutri-
ents for growth and can be harvested up to four times a 
year, which makes this plant one of the most prospective 
crops for energy use [4]. In Colombia, elephant grass is 
presented as the most appropriate one for exploration in 
biofuel production with green forage yields between 360 
and 400 ton per hectare per year obtained ethanol yields 
of 466.9  L/dry ton [5]. Hybrid Pennisetum is a highly 
sterile inter-specific Hybrid Hybridized from Pennise-
tum americanum (L.) Leeke and Pennisetum purpureum 
Schumach, which showed improvement in yield and for-
age quality over the parent species [6, 7]. With the advan-
tages of high yield, high resistance to adverse conditions, 
quick regeneration capacity, free from pests and diseases, 
it has been widely cultivated in tropical and subtropical 
areas mainly used as forage crop [7–9]. Currently, Hybrid 
Pennisetum has been increasingly used as a promising 
energy crop for the production of ethanol, electric power 
and biogas [10–14].
It has been well known that one of the critical socio-
economic issues with the increasing use of biofuels is the 
competition of agricultural resources between energy 
crops and food crops [15]. One way to solve the conflict is 
to grow biofuel feedstocks on marginal lands that are not 
suitably applied for food crops [16]. But, the low biomass 
yield and a relatively high product cost have restricted a 
large-scale cultivation of the elephant grass and Hybrid 
Pennisetum on marginal lands. Thus, it is necessary to 
develop a novel technology to enhance the biomass yield 
in a cost effective and sustainable way adapted to various 
marginal lands.
In recentl years, bacterial endophytes used as bio-fer-
tilizers for improving crop production are gaining strong 
status among agronomists and environmentalists because 
they would significantly reduce chemical input into the 
environments [17, 18]. Thus, the exploitation of plant 
growth promoting endophytes (PGPEs) as one of the best 
options to increase biomass yield of the energy crops on 
marginal lands has become a hot research subject with 
more attention both from academia and industry [16]. 
For instance, Bacillus sp. SLS18 promoted the biomass 
production of sweet sorghum [18]. The growth of pop-
lar tree was improved up to 60 % after inoculation with 
different endophytic strains [15]. Both mycorrhizal fungi 
and bacterial endophyte have been reported enhancing 
biomass production in switchgrass [19, 20]. Endophytic 
bacteria are the unique microorganisms that colonize 
the internal tissues of plants latently or actively without 
substantively harming hosts [21–23]. Certain bacterial 
endophytes can promote plant growth and health under 
normal or adverse conditions, which were considered to 
be PGPEs. The PGPEs promote plant growth by various 
mechanisms include production of phytohormones [24–
26], siderophores [27, 28], 1-aminocyclopropane-1-car-
boxylic acid (ACC) deaminase [29], nitrogen fixation [30, 
31], and phosphates solution [24, 32]. So far, considerable 
number of PGPEs have been successfully isolated from 
a large diversity of plants and found to be beneficial for 
plant growth, yield and crop quality, including strains in 
the bacterial genera of Acinetobacter, Alcaligenes, Arthro-
bacter, Azospirillium, Azotobacter, Azomonas, Bacil-
lus, Beijerinckia, Burkholderia, Enterobacter, Erwinia, 
Flavobacterium, Klebsiella, Pseudomonas, Rhizobium 
and Serratia [33–36]. Due to their beneficial effects on 
growth and health for host plants, PGPEs have the poten-
tial for use in the friendly, sustainable and organic agri-
culture [37, 38]. Hence, diverse endophytic bacteria are 
now being used worldwide as bio-inoculants to promote 
plant growth and development under normal and various 
stresses like heavy metals, herbicides, insecticides, fungi-
cides, salinity, and so forth [17].
The objective of this study was to isolate endophytic 
bacteria from elephant grass, test them in vitro for their 
plant growth promoting properties, and evaluate their 
effects on plant growth and salt stress tolerance of Hybrid 
Pennisetum. This investigation would potentially offer an 
opportunity to exploit some valuable endophytic bacteria 
as biological inoculants to increasing the biomass yield of 
Hybrid Pennisetum, especially on salty marginal lands.
Results
Isolation and molecular identification of endophytic 
bacteria from elephant grass
A total of 16 endophytic bacteria, denoted as pp01~pp16, 
were isolated and purified from the roots of elephant 
grass. The 16S ribosomal RNA gene BLAST data sug-
gested that they could be classified into four bacterial 
genera: Sphingomonas, Bacillus, Pantoea, and Enterobac-
ter, where four representative isolates, pp01, pp02, pp04, 
and pp06, for each of the identified bacterial genera, 
were further described for their phylogeny as follow-
ings. For the pp01 strain, 16S ribosomal RNA gene 
amplicon showed its homology to partial sequence of 
Sphingomonas paucimobilis DSM 30198 (NCBI access-
ing number NR_104893.1) with 98 % identity. The pp02 
isolate was close to Bacillus megaterium DSM319 (NCBI 
accessing number NC_014103.1) with 99  % homology. 
The pp04 isolate was identified as Pantoea sp. showed 
99  % homology with the Pantoea sp. SAP16-1 (NCBI 
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accessing number JN872526). The pp06 isolate 16S ribo-
somal RNA gene sequence showed homology to Entero-
bacter ludwigii strain KPS 4-2 (NCBI accessing number 
JQ308602) with 99  % identity. The 16S ribosomal RNA 
gene sequences of the four endophytic bacteria have been 
submitted to GenBank (NCBI) under the accession num-
bers KM220524, KM886123, KP271021 and KP271022.
Effects of the selected bacterial inoculants on plant growth
To evaluate the ability of the isolated endophytic bac-
teria to promote plant growth under a normal or a salt 
stress condition, the seedlings of Hybrid Pennisetum 
were inoculated with a mixture of the selected four bac-
terial strains, pp01, pp02, pp04, pp06. The results have 
showed that endophytic bacteria significantly promoted 
plant growth and its biomass yield under both normal 
and saline conditions, compared with those non-infected 
control groups (Fig.  1). Under normal condition, endo-
phytic infection led to statistically significant increase in 
shoot length, shoot fresh weight and shoot dry weight by 
44.38, 116.20, 74.19  %, respectively, when compared to 
those non-inoculated control plants (0 mM NaCl). When 
seedlings were exposed to a moderate salt stress, 100 mM 
NaCl, they showed an increased leaf chlorosis and a 
reduced plant growth response, leading to a decrease in 
shoots length, fresh and dry weight, at 11.48, 14.76 and 
18.90  %, respectively, when compared to those under 
normal condition (0  mM NaCl). However, the inocula-
tion of the four bacterial strains mixture (OD600 = 1, ~106 
to ~108  CFU  mL−1, Additional file  1: Table S1) almost 
eliminated the observable detrimental effect at low 
(50 mM NaCl) and moderate (100 mM NaCl) salt stress, 
where the plants had the same growth promotion effects 
as those infected plants under normal stations, 0  mM 
NaCl. Our observations also indicated that at high salt 
stress, 200 mM NaCl, in spite of an observed reduction in 
promotion effects, the inoculated plants even grew better 
than those control groups at the normal condition, 0 mM 
NaCl. However, at a high salt stress, 300 mM NaCl, the 
effect was apparently decreased with the fact that seed-
ling biomass yield was remained at a low level in spite of 
the existence of endophytes.
The optimal concentration of endophytic inoculants 
to promote plant growth
The optimal concentration of the selected endophytic 
bacteria for inoculation was determined by inoculating 
Hybrid Pennisetum seedlings at different concentrations 
of endophytic inoculants that mixed with four different 
endophyte isolates, pp001, pp002, p004, p006 (OD600 at 
0.3~2.0, ~105 to ~108 CFU mL−1, Additional file 1: Table 
S1). The plant promoting effects, indicated by shoot 
Fig. 1 Effects of co-inoculation with four endophytic bacteria on growth parameters of Hybrid Pennisetum in vermiculite. The seedlings were 
co-inoculated with four endophytic bacteria, pp01, pp02, pp04, pp06, which grew in a plastic pot for 3 weeks. Dry weight was determined after 
samples were dried in oven at 80 °C for 24 h. (Bars with the same letter for each compared parameter did not differ significantly at α = 0.05, Duncan, 
n = 10–20. Error bars indicate ±1 SEM)
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length, shoot fresh and dry weight, were enhanced at a 
higher concentration of the endophytes, but no signifi-
cant changes were observed when it is higher than 1.0 
OD600 (Fig. 2). Apparently, the optimal threshold concen-
tration was higher than 1.00 OD600. The potential highest 
promotion effects, represented by shoots length, shoot 
fresh weight, shoot dry weight, were recorded at 64.86, 
124.69, 119.08  %, respectively, when compared to those 
non-infected control plants.
Plant growth promoting (PGP) properties of endophytic 
bacteria
The four endophytic bacteria were assayed for their PGP 
properties that may play the important roles on plant 
growth and salt stress tolerance (Table  1). The results 
showed that all strains tested had at least two impor-
tant PGP traits to be identified out of a serial of evalua-
tions. Each strain tested had the ability to produce IAA 
at a range of 10.50–759.19 mg/L, where Enterobacter sp. 
demonstrated the highest value. The four strains tested 
all exhibited relatively high levels of ACC deaminase 
activity, where Pantoea sp. presented the highest ACC 
deaminase activity at 1106.66  ±  78.59  nmol a-ketobu-
tyrate (KB)/h/mg. It is noteworthy that all strains tested 
can successfully grow in the Ashby nitrogen-free culture 
medium (without agar) as well as the Jensen medium, 
but exhibiting different levels of nitrogen fixing activi-
ties. Based on the degree of turbidity of Ashby medium, 
Sphingomonas sp. recorded the highest nitrogen fixing 
ability followed by Pantoea sp. among four tested endo-
phytic bacteria. In addition, it is virtually consistent that 
all the four strains were positive for producing ammonia, 
which can be used by the plants as a source of nitrogen 
for their growth [39]. Besides, all the strains tested were 
also able to solubilize inorganic phosphate [Ca3(PO4)2] 
into a soluble form that is easily accessible by plants. 
Based on our further evaluation, those endophytic bac-
teria belonging to Sphingomonas, Bacillus, Enterobacter 
exhibited siderophore production ability, where Bacillus 
recorded the optimum siderophore 64.06 % units. Obvi-
ously, a mixed inoculant with four endophytic bacteria 
would simultaneously possess all the tested PGP proper-
ties that may maximize the effects of endophytes on plant 
growth promotion.
The root colonization ability of selected endophytic 
bacteria
The interior colonization ability of those inoculated 
endophytes was analyzed by determining the titer of 
re-isolated endophytes using tissue homogenates from 
Fig. 2 Effects of co-inoculation with four endophytic bacteria, pp01, pp02, pp04, pp06, at different concentrations on growth parameters of Hybrid 
Pennisetum in vermiculite. The seedlings were co-inoculated with four endophytic bacteria, which grew in a plastic pot for 3 weeks. Dry weight was 
determined after samples were dried in oven at 80 °C for 24 h. (Bars with the same letter for each compared parameter did not differ significantly at 
α = 0.05, Duncan, n = 10–20. Error bars indicate ±1 SEM)
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the inoculated plant roots sampled at different times. 
Each of the four selected endophytic bacteria strains 
could successfully colonize in its host plant tissues three 
days after inoculation, with the bacterial densities from 
4.91 ±  0.43 to 12.12 ±  0.98  CFU  g−1 fresh plant roots 
(Table 2). Following that inoculation processing, the bac-
terial population increased rapidly, where, on the 10th 
day of inoculation, Pantoea sp. pp04 demonstrated the 
highest density of 158.16 ±  11.77  CFU  g−1 fresh plant 
roots. This observation indicated that the endophytic 
bacteria were able to colonize the host plant roots on the 
3rd day after inoculation, and then reproduced rapidly in 
its population to achieve an extensive colonization. This 
was verified by performing scanning electron micros-
copy (SEM) inspection of the roots for those inoculated 
Hybrid Pennisetum sampled at 3, 7, and 14  days after 
inoculation (Fig.  3). On the 3rd day after inoculation, 
cells of endophytic bacteria were successfully detected in 
the root cortex. On the 7th  day after inoculation, bac-
teria cells were detected mostly in the root cortex and 
a few in the xylem vessel. On the 14  day after inocula-
tion, a large number of bacterial cells were already found 
in the xylem vessel. Clearly, it has been verified by SEM 
inspection that endophytic bacteria were already colo-
nized in the central parts of the plant roots 7 days after 
inoculation.
Discussion
It has been confirmed in recent years that PGPEs have 
the ability to colonize host plant’s interior tissues and 
further build a beneficial symbiotic association with their 
host plants to improve host plant growth and stress tol-
erance [40, 41]. This function would indeed facilitate a 
higher biomass production of energy crops, in a more 
sustainable manner, especially on infertile and marginal 
lands [17]. In this study, we isolated a total of 16 strains 
of endophytic bacteria from elephant grass, which were 
sorted into four bacteria genera, Sphingomonas, Bacil-
lus, Pantoea, and Enterobacter by a phylogenic analy-
sis. Four representative strains, pp01, pp02, pp04, pp06, 
were selected and systematically investigated for their 
PGP properties, ability of root colonizing, effects of 
plant growth promoting on Hybrid Pennisetum. With 
respect to PGP properties, the four endophytic bacteria 
possessed a serial of relevant properties, including IAA 
production, siderophore production, nitrogen fixation, 
ammonia production, inorganic phosphate solubiliza-
tion, and ACC deaminase activity (Table  1). It has also 
been confirmed that the endophytic bacteria tested can 
successfully colonized in  vivo the host plants (Table  2) 
and stimulate a significant increase in shoot length, shoot 
fresh weight and shoot dry weight in Hybrid Pennisetum 
compared to the un-inoculated controls under both nor-
mal and saline conditions (upto 200 mM NaCl) (Fig. 1). 
Obviously, these results suggest that the endophytic bac-
teria we have isolated can be of great value in enabling 
Hybrid Pennisetum to grow better with a higher biomass 
production on arable lands or even those infertile and 
saline marginal lands.
PGPEs can stimulate plant growth directly or indirectly 
with different and unique mechanisms, such as with pro-
duction of plant hormones, enhancement of nutrient 
uptake and stress tolerance, bio-control of plant patho-
gen [34, 42, 43]. A particular endophytic bacterium may 
promote plant growth and development using one or 
more of these mechanisms at various times during the 
Table 1 PGP properties of the tested four endophytic bacterial strains
± standard error (SE); + positive; – negative
a Nitrogen-fixing capacity: + little; ++ low; +++ moderate; ++++ high
b  % siderophore units


















Sphingomonas sp. pp01 19.85 ± 1.67 524.82 ± 32.60 ++++ + 10.33 ± 2.21 +
Bacillus sp. pp02 10.50 ± 2.19 225.20 ± 82.20 ++ + 64.06 ± 7.27 +
Pantoea sp. pp04 40.88 ± 0.80 1106.66 ± 78.59 +++ + −25.61 ± 2.50 +
Enterobacterc sp. pp06 759.19 ± 54.42 902.14 ± 34.99 + + 21.11 ± 2.54 +
Table 2 Number of endophytic bacterial colonies isolated 
from the roots of plants after inoculation








Sphingomonas sp. pp01 11.7 ± 1.76 28.9 ± 5.84
Bacillus sp. pp02 4.91 ± 0.43 21.31 ± 1.59
Pantoea sp. pp04 12.12 ± 0.98 158.16 ± 11.77
Enterobacter sp. pp06 5.61 ± 0.604 42.43 ± 4.62
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life cycle of the plant [44]. In this research, each of the 
endophytic bacteria tested possessed at least two or more 
properties that were linked to the plant growth promot-
ing activities, including the ability of IAA production, 
siderophore production, nitrogen fixation, ammonia 
production, inorganic phosphate solubilization, or ACC 
deaminase activity. Therefore, the inoculants combined 
with different endophytic bacteria may possibly pos-
sess various PGP properties that can be complemen-
tary with each other to offer them an enhanced power 
to optimally facilitate the growth of plant by utilization 
of various mechanisms at different times during the 
life cycle of host plants. The tested endophytic bacteria 
demonstrated ability to produce IAA and siderophores, 
solubilize inorganic phosphate, which could facilitate the 
growth of plant and salt resistance, in agreement with 
early investigations being reported [45–50]. ACC deami-
nase activity is a common characteristic of PGPEs, which 
promotes plant growth and eases plant stress by reduc-
ing the ethylene level via degrading ACC (the precursor 
of ethylene) to ammonia and ∝-ketobutyrate [51–54]. 
Apparently, the ACC deaminase activity of the endo-
phytes tested has been shown to be virtually high, with 
225.2–1106.66 nmol ∝-KB/h/mg. It is reported that a low 
level of ACC deaminase activity, approximately higher 
than 20  nmol ∝-KB/h/mg is sufficient for a bacterium 
to promote plant growth as a PGPE [44]. Moreover, the 
plants inoculated by ACC deaminase containing PGPE 
are found more resistant to high salt stress [55]. Hence, 
it is proposed that the high ACC deaminase activity of 
Fig. 3 Locations of the endophytic bacteria resided in the tissue of the roots of inoculated Hybrid Pennisetum, which were imaged by SEM. a 
Control, no endophytic bacteria were detected in the tissues of non-inoculated host plants; b Treated plants, 3 days after inoculation, cells of endo-
phytic bacteria were detected in the root cortex; c Treated plants, 7 days after inoculation; cells of endophytic bacteria were detected mostly in the 
root cortex and a few in the xylem vessel; d Inoculated plants, 14 days after inoculation, a large number of bacterial cells were already found in the 
xylem vessel. RC root cortex; X xylem vessel; E cell of endophytic bacteria
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the endophytes tested is a main contributed property to 
enhance the plant growth and salt tolerance of Hybrid 
Pennisetum seedlings in vitro.
However, it was also suggested in early reports that 
mycorrhizal fungi would also alleviate salt stress by 
absorption of mineral nutrients (mainly N, P, K) [56] and 
osmotic regulation in the inoculated plants [57]. Inocula-
tion of plants by Arbuscular mycorrhizal fungi exhibited 
a lower concentration of Na+ and a higher concentration 
of N, P, K, Mg2+ than non-inoculated plants [58–61]. In 
saline soil, chlorophyll contents, proline content, total 
soluble protein content, acid and alkaline phosphatase 
activities were also observed higher in arbuscular mycor-
rhizal fungus inoculated plants, which could be impor-
tant for salt alleviation in plant when growing in saline 
soils [62–65]. At present, the mechanisms governing 
the absorption of mineral nutrients and ionic balance 
in inoculated seedlings are still unknown. Much work is 
further required to reveal the mechanisms that regulate 
the beneficial effects of the endophytes isolated from ele-
phant grass.
It is well known that salinity stress will restrict plant 
growth through the low uptake of water and nutrients 
due to the ion-toxic effects of Na+ [66–68]. In recent 
years, endophytes have been used as one of the practical 
measurements to alleviate salt stress and improve plant 
health and yield in saline soil [40, 69, 70]. Pseudomonas 
fluorescens isolate, TDK1, showed great performance 
in improving the plant growth for groundnut seedlings 
under salt stress in  vitro [41]. Mycorrhizal inoculation 
significantly increased growth response of wheat plants in 
saline soil [71]. In the present work, the four endophytes 
isolated from elephant grass were combined together to 
evaluate their plant growth promoting effects under nor-
mal or saline conditions. From this observation, when 
endophytes were inoculated to plant seedlings growing 
under normal conditions, the plant growth and biomass 
yield of Hybrid Pennisetum were significantly enhanced 
by 44.38, 116.20, and 74.19 % in plant shoot length, shoot 
fresh weight and shoot dry weight, respectively. Interest-
ingly, the detrimental effect of low (50 mM NaCl), mod-
erate (100  mM NaCl) salt stress, and (200  mM NaCl) 
high salt stress was significantly alleviated by the com-
bined endophytic inoculants, where the shoot length, 
shoot fresh weight and shoot dry weight were dramati-
cally enhanced up to 58.30, 116.01 and 81.72 %, respec-
tively, compared to the un-inoculated control plants 
under moderate (100 mM NaCl) salt stress. Therefore, it 
has been suggested that these endophytic bacteria were 
very effective, and actually served as the bio-inoculants to 
improve plant growth and biomass yield of Hybrid Penni-
setum when growing on infertile and saline lands. But, it 
is noteworthy that the plant promotion effects mentioned 
here were indeed recorded from a co-inoculated treat-
ment combined with four different bacterial strains, and 
it is remained to be straighten out the plant promoting 
effects for each individual bacterial strain. Additionally, it 
has also been reported that the plant promoting microor-
ganisms showing a decreased performance from the lab-
oratory to the field, which may be attributed to a number 
of factors including competition for nutrients with other 
soil microbiota [20, 72]. Thus, much work is still required 
to evaluate the PGP effects in the field conditions to get a 
reliable and stable performance.
Bacterial infection and the subsequent colonization in 
host plant tissues are critical for the eventual beneficial 
impact of endophytes on plant growth [42]. The coloniz-
ing ability may confer endophytes more favorable envi-
ronment under various biotic and abiotic stresses and 
a competitive advantage to native soil bacteria com-
pared to rhizospheric bacteria [73]. Thus, it has been 
suggested that to be an excellent plant growth promot-
ing inoculants, endophytic bacteria must be capable of 
colonizing in the interior tissues of a host plant [74]. The 
endophytic bacteria reported here suggested an active 
invasion and proliferation advantage in the roots of 
1-week-old seedlings. Three days after colonization, we 
could clearly visualize bacterial population in the cortex 
parts of the plant roots after a SEM inspection, where 
the bacterial densities were recorded from 4.91 ± 0.43 to 
12.12 ± 0.98 CFU g-1 fresh plant roots. Thus, the endo-
phytic bacteria had the potential to survive within the 
tissues of Hybrid Pennisetum, suggesting that they can 
be the suitable candidates served as the endophytic bio-
inoculants. However, the population densities were still 
lower than our expectation, which may be attributed 
to the mature root material being sampled for recovery 
assay. This result agreed with the previous findings that 
had indicated that low colonization was detected in the 
mature parts of the rice roots inoculated by Pantoea 
agglomerans YS19 [75]. It is also reported that the root 
colonization ability for endophytic bacteria would exhibit 
a lower level on a non-sterile soil condition than that in 
a gnotobiotic environment for establishing themselves on 
plant roots, which could be attributed to a competition 
for nutrients with other soil microbiota [76]. Therefore, 
it is further required for us to cope with the challenges 
under a field condition to enhance colonization capability 
of endophytes that can be potentially applied to various 
soil environments.
Conclusion
In conclusion, our findings reported that the co-inoc-
ulation of four selected endophytic bacterial strains 
that were successfully isolated from elephant grass sig-
nificantly alleviated the harmful effects of salt stress, 
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promoted plant growth and biomass yield on Hybrid 
Pennisetum in vitro. Each of the bacterial strains tested 
showed at least two or more PGP properties, including 
the ability of IAA production, siderophore production, 
nitrogen fixation, ammonia production inorganic phos-
phate solubilization, or ACC deaminase activity. Thus, 
these evaluations suggest a potential utilization of these 
beneficial bacterial endophytes as promising candidates 
for bio-inoculants, which may aid in building a sustain-
able feedstock production system for Hybrid Penni-
setum, especially on those infertile or marginal saline 
lands. However, further investigations are also required 
to reveal the relevant mechanisms on infection and colo-
nization, plant growth promoting effects, as well as their 
unique salt stress tolerance property, which will further 
optimize the beneficial effects of the endophytic bacteria 
on their host plants in a field application.
Methods
Plant material and isolation of bacterial endophytes
The elephant grass elite Sumu No. 2 was grown in the 
nursery bed at the Jiangsu University in Jiangsu Prov-
ince, Eastern of China. Endophytic bacteria were isolated 
from the healthy and asymptomatic roots of elephant 
grass based on the method described by the Sturz et al. 
[77] and Surette et  al. [78] with a minor modification. 
Briefly, roots were washed thoroughly under tap water 
for 10 min to remove any adhering soil, dipped in 10 % of 
commercial bleach (5.25 % available chlorine) for 3 min, 
then transferred to a 3 % hydrogen peroxide solution for 
3 min, and finally rinsed three times with sterile water. A 
0.002 % solution of Tween 20 was added to the first rinse 
solution. To ascertain that the surface disinfection pro-
cess was successful, an aliquot of 100 μL final wash was 
inoculated in LB medium for sterility check. Then, root 
tissues were macerated using a mortar and pestle in a 
small volume of sterile phosphate buffered saline (PBS, 
pH 7.4). This suspension was plated on LB medium and 
incubated at 28 °C for 48–72 h.
Bacterial identification using 16S rRNA sequences
The bacterial strains were characterized by 16S rRNA 
gene (rDNA) sequencing analysis. PCR were performed 
from overnight grown cells using universal primers 
(27F: AGAGTTTGATCCTGGCTCA and 534R: ATTA 
CCGCGGCTGCTGG) [79]. The amplification was per-
formed in a thermocycler programmed as follows: 95 °C 
for 3 min; 34 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C 
for 1  min; 72  °C for 10  min; 4  °C for storage. The PCR 
amplicon was purified with TaKaRa Agarose Gel DNA 
Purification Kit (TaKaRa, China) and sequenced (Sangon 
Inc., China). Partial 16S rDNA sequences obtained were 
analyzed using the BLAST tool in the NCBI website.
Inoculation of Hybrid Pennisetum for assessment 
of colonization and plant growth
A pot experiment was set up in growth chamber to assess 
the growth promotion effects and their colonization abil-
ity on Hybrid Pennisetum by inoculation of the selected 
four bacterial endophytes, pp01, pp02, pp04, pp06, in 
combination. For the homogeneity of host plants, seeds of 
Hybrid Pennisetum were used for analyzing the efficacy 
of selected bacterial endophytes to promote plant growth 
and salt tolerance, and their colonizing ability for host 
plants. They were surface sterilized with the following 
protocol: 70 % alcohol 5 min; washed with sterile water; 
10  % H2O2 20  min; washed with 50  mL half-strength 
Hoagland’s nutrient solution. The sterilized seeds were 
then placed on the agar plate for germination at 25  °C. 
After 2  days, seedlings were sown into plastic pot filled 
with 40  g sterilized vermiculite moistened with steri-
lized water. The seedlings were then grown in the growth 
chamber at 25 °C with a 16 h light/8 h dark photoperiod. 
For inoculation of the seedlings, bacterial cultures were 
grown in 100 mL LB medium at 30 °C on a rotary shaker 
(100  rpm) till they reached the proper concentration 
(OD600 value of 0.3~2.0, ~105 to ~108, Additional file 1: 
Table S1). Bacterial cultures were then harvested by cen-
trifugation (6000 rpm, 10 min), washed twice with ster-
ile water and re-suspended in sterile water. The roots of 
1-week-old seedlings were incubated with the selected 
four bacterial endophytes that poured off 50  mL result-
ing suspensions (pp01:pp02:pp04:pp06  =  1:1:1:1) into 
the vermiculite of the pot. Three days later, root samples 
were checked for endophyte infestation according to the 
same method used for the endophytic bacteria isolation. 
The recovered bacteria colonies were verified by per-
forming 16S rDNA PCR amplification. Then, the 50 mL 
NaCl solution at one of the concentrations, 50, 100, 200 
and 300 mM, was added to the pot every 4 days to expose 
seedlings to different salt stress. We added quite a lot of 
NaCl liquid over the course of the experiment to keep 
the vermiculite moist. The excess liquid was kept in the 
outer layer of the pot to ensure that the saline concen-
tration is maintained at a constant level until the seed-
lings were watered next time. The control seedlings were 
watered only with the same volume of sterile water. After 
3–4 weeks, whole plants were carefully removed from the 
pots, and the soil was removed from the roots. Growth 
parameters such as height, fresh weight and dry weight 
(oven dried at 80  °C for 24  h) of the plants were meas-
ured. Each experiment was replicated at least three times 
and each treatment had 10–20 biological replicates.
The colonization ability
Seedlings of Hybrid Pennisetum were inoculated with 
the selected four endophytic bacteria based on the same 
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method mentioned above. To study the interior coloniza-
tion ability of the four endophytic bacteria strains, SEM 
and the inoculum recovery were performed. On the 3rd 
and 10th day, after the seedlings were incubated by the 
four bacterial strains, respectively, plant roots were col-
lected, surface-sterilized, macerated and plated on LB 
medium in terms of the same method used for isolat-
ing the endophytic bacteria. The bacterial colonies were 
counted after incubation for 3 days at 30 °C. Normaliza-
tion of counts was carried out based on the root weight. 
These recovered inoculants were then verified by per-
forming 16S rDNA PCR amplification. Triplicates were 
performed for each sampling time, and all values were 
averaged for a means of these measurements. Control 
plants were also set up in parallel at each sampling time.
For examination with SEM, the fresh root samples from 
both control plants and treated plants that are inoculated 
with the combined four endophytic bacteria were excised 
at 3, 7, 14  days after inoculation. The plant root sam-
ples were then processed as described previously with a 
minor modification [80]. First, the samples were rinsed 
with sterilized double-distilled water for three times and 
then fixed with 2.5 % (v/v) glutaraldehyde for 8 h at 4 °C. 
The fixed roots were washed with 0.1 M phosphate buffer 
3 times for 15 min each. Afterwards, the roots were dehy-
drated in a gradient ethanol series, 50, 70, 80, 90 and 
100 %, each for 15 min, followed by immersing the roots 
in 50 and 100 % isopentyl acetate for 1 and 4 h, respec-
tively. Subsequently, samples were dried in Virtis Freeze 
Dryer (−55 °C; Gardiner, NY, USA) and coated with gold 
palladium in a sputter-coater (Balzers SCD 040, Liech-
tenstein). Finally, the samples were observed under a field 
emission SEM (JEOL JSM7001F, Tokyo, Japan).
Evaluation of some important PGP properties
Nitrogen fixing capacity
The nitrogen fixing capacity of the four endophytic bac-
teria were determined by their growth in the nitrogen-
free Ashby medium and Jensen medium [81, 82]. Bacteria 
were inoculated in 5 mL Ashby medium (without agar) in 
45 mL test tube on a rotary shaker (125 rpm) at 30 °C for 
about 7 days to observe if the culture became turbid. The 
colonies of the four endophytic bacteria were inoculated 
on the Jensen medium, respectively, at 30  °C for 4  days 
to observe the presence of growth. The non-inoculated 
media served as control.
Ammonia (NH3) production capacity
The selected endophytic bacteria were evaluated for 
their production capacities of ammonia. Four differ-
ent bacterial isolates were inoculated into 10 mL pep-
tone water (Peptic digest 10  g/L, NaCl 5  g/L, dH2O, 
1000  mL, pH 7.2), respectively, for 48–72  h at 30  °C. 
Then 0.5  mL of Nessler’s reagent (K2HgI4 and NaOH 
or KOH) was then added to the culture. The color 
change from brown to yellow was considered as a posi-
tive result. Non-inoculated medium was used as the 
control [83].
ACC deaminase capacity
ACC deaminase capacity was assayed with the method 
from Saravanakumar and Samiyappan [41], which meas-
ures the amount of ∝-ketobutyrate being produced when 
the enzyme ACC deaminase cleaves ACC by comparing 
the absorbance at 540 nm of a sample to a standard curve 
of ∝-ketobutyrate ranging between 0.1 and 1.0 nmol [84].
Indole acetic acid (IAA) production
IAA production was measured according to Sheng et al. 
[85]. The selected bacteria were cultured in sucrose-
minimal salts (SMS) medium supplemented with 0.5 mg/
mL of tryptophan for 4 days. One mL of bacterial culture 
was mixed with 2 mL of Salkowski’s reagent [86] and then 
incubated at room temperature for 20  min until a pink 
color developed in the suspension. Then, the absorbance 
was measured at 535  nm. The IAA concentration was 
determined from IAA standard curve following the linear 
regression analysis.
Siderophore production
Siderophore production ability was investigated based 
on the chrome azurol-S analytical method [87]. Bacterial 
cultures were grown in King B medium without phos-
phate at 30  °C on a rotary shaker (200  rmp) for 5  days 
and the cell free culture supernatant was harvested by 
centrifugation (10,000  rpm) for 10  min. One milli litre 
of cell free culture supernatant was mixed with 1.0  mL 
of CAS assay solution and incubated in a dark environ-
ment at room temperature for 1  h. The non-inoculated 
supernatant was used as reference. Then, the absorb-
ance was measured at 630 nm. The samples, denoted as 
“As”, are supposed to have a lower absorbance at 630 nm 
than that of the reference, denoted as “Ar”. The decrease 
in absorbance at 630  nm was recorded, and the values 
were then compared with the OD630 read from reference 
(Ar). Siderophore units were defined as: %  siderophore 
units = (Ar − As)/Ar] × 100 % [88].
Phosphate‑solubilizing capacity
The phosphate solubilizing capacities were analyzed in 
the National Botanical Research Institute’s phosphate 
(NBRIP) medium [89]. 1.5  % of tricalcium phosphate 
[Ca3(PO4)2] was used as the inorganic phosphate source. 
Then, the plates were incubated at 28 °C for 72 h, and the 
formation of clear halo around the colonies was an indi-
cation of inorganic phosphate solubilization.
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Statistical analysis
The PGP effects of endophytic bacteria on growth param-
eters of Hybrid Pennisetum at different salt stress and dif-
ferent inoculating concentrations were analyzed by one 
way ANOVA using SPSS version 17.0, and the means 
were separated by Duncan Multiple Range Test (DMRT) 
at the 0.05 level of significance.
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